Advances in tissue engineering and regenerative medicine rely on the design of instructive microenvironments that promote desired cell behaviors and multicellular organization. Significant attention has been given to engineering the soluble microenvironment and adhesive scaffolds that emulate the extracellular matrix (ECM). In contrast, the development of engineering tools and strategies to modulate juxtacrine cell-cell interactions is at a nascent stage.
Juxtacrine signals are intrinsic to the cell whereas soluble factors and ECM cues can be supplied more readily as extrinsic factors in a synthetic microenvironment (Figure 1 ). This presents a significant challenge to developing an engineering toolbox for directly tuning cellassociated juxtacrine cues. Furthermore, the juxtacrine contribution to regulating cell functions is difficult to parse from the backdrop of regulatory inputs provided by soluble autocrine/paracrine signals and the ECM, making quantitative and direct analysis of juxtacrine cell-cell signaling particularly challenging.
In this review, we describe some of the promising advances in overcoming these challenges, including both the development of platforms to directly and specifically modulate cell-cell interactions and the utilization of systems-level analysis to parse the contribution of cellcell interactions in the context of a complex microenvironment.
The engineering toolbox Synthetic microenvironments: materials and devices
The importance of engineering cell-cell interactions has sparked the development of promising platforms for modulating multicellular and multi-cell type interactions by controlling the size and shape of cell clusters and the relative positioning of cell populations [1] [2] [3] . Such platforms affect juxtacrine cell-cell signaling along with likely concomitant effects on the transmission of soluble autocrine/paracrine signals and cell accessibility to the ECM.
An approach to directly tune cell-cell signals utilizes material scaffolds that are normally used to present adhesive matrix cues, such as the short peptide RGD. Proteins or peptides involved in juxtacrine signaling are immobilized on the scaffold to mimic cues that would otherwise be presented by adjacent cells. This approach has been used to emulate E-cadherin-mediated adhesion [4] and Notch/Delta-mediated [5] signaling and more recently to induce ephrin signals in a synthetic polyethylene glycol (PEG)-based scaffold to promote pancreatic cell survival (Figure 2a ) [6] . Furthermore, high throughput methods such as protein printing with a DNA spotter have been used to display cell-cell adhesion and signaling proteins in PEG hydrogel microwell arrays and to study the effect of these juxtacrine signals on stem cell proliferation [7] . This technology enables the use of functionalized scaffolds as tools for large scale, combinatorial screens.
This scaffold-based strategy to present juxtacrine cues is appealing for tissue engineering applications where scaffolds are already widely used to present ECM cues. A caveat, however, is that natural juxtacrine signals are laterally mobile in the plasma membrane. This lateral mobility can, in fact, be crucial to the signaling and structural roles of juxtacrine factors, such as ephrins and E-cadherin, respectively. Engineered supported membranes with nanoscale chromium barriers that disrupt and restrict the lateral mobility of the juxtacrine ligand ephrin A1 affected ligand-induced cytoskeleton reorganization, effector molecule recruitment and downstream expression profiles in EphA2 receptor-expressing breast cancer cells ( Figure 2b ). Furthermore, quantitative analysis of EphA2 radial transport in a panel of breast cancer cell lines showed a correlation with invasive ability, revealing the functional significance of the lateral mobility of juxtacrine signals [8] .
While synthetic materials provide the advantage of selectively introducing juxtacrine signals onto a 'clean slate', natural cell membranes contain numerous juxtacrine receptor-ligand systems that are concomitantly triggered. Crosstalk and interactions among these juxtacrine signals are likely to play a significant role in the net effect on cell behavior. Furthermore, Notch/Delta and Eph/ephrins trigger feedback loops that regulate their expression levels [9, 10 ] . Finally, membrane-associated juxtacrine signals can be internalized through transcytosis by the adjacent cell [11] . These and other regulatory processes underscore the need for directly and controllably inducing natural cell-cell interactions.
Bringing two cells 'in touch' to induce contact-mediated signaling was recently demonstrated by combining a microfluidic device consisting of PDMS cups big enough to accommodate a pair of cells and a hydrodynamic flowfocused, three-step cell loading process ( Figure 2c ) [12] . This platform selectively brings two cells in a physical contact and allows monitoring of contact-mediated interactions in real time.
Meanwhile, for controlling juxtacrine interactions in cells that are adhered to an ECM, butterfly-shaped agarose-walled wells have been used to isolate the effect of cell-cell contact on the regulation of proliferation in homotypic cell systems ( Figure 2d ) [13] . A comb-inspired micromechanical platform provides dynamic control over cell-cell interactions (Figure 2e ) [14] . By moving interdigitated mechanical combs closer together or further apart, the length scale for diffusion of paracrine signals can be tuned at arbitrary time points. Furthermore, for the subset of cells that sit at the edge of each comb, juxtacrine interactions can be decoupled from paracrine signaling. When the combs are touching, both cell-cell contacts and short range paracrine signaling are permitted; when the combs are brought slightly apart, the juxtacrine interaction is eliminated while the paracrine signaling continues. The application of dielectric forces [15] and laser-guided direct writing in 3D matrices [16] , such as Matrigel, provide additional promising avenues for positioning cells and tuning cell-cell interactions. Engineering cell-cell signaling. Juxtacrine signals, such as cadherins, ephrins and Notch-Delta, are cues intrinsic to the cells in contrast to paracrine soluble signals and ECM proteins that provide extrinsic stimuli. The focus of this review (highlighted in red) is on engineering approaches to manipulate juxtacrine cues and associated intracellular regulatory signals and on the emerging design strategies to tune juxtacrine signals in the context of other microenvironmental cues that cumulatively affect cell functions with implications for biomedical applications. 
Synthetic cells
Since juxtacrine signals are intrinsic to the interacting cells, a powerful complementary strategy for designing the microenvironment is to directly engineer the cells themselves. The classical demonstration of this approach involves tuning the level or type of cadherins on the cell surface to affect cell sorting within multicellular aggregates [17 ] . The cell population with the higher cell-cell adhesivity sorts to the middle of the spheroid; meanwhile, the less adhesive population rearranges to the spheroid surface.
In the context of juxtacrine signals in the immune system, recent approaches revolve around strategies to manipulate the cell surface either through genetic modification or by introducing moieties onto the cell surface without genetic manipulation (reviewed in [18 ] ). A non-genetic approach is to induce interactions between T cells and their target cells by exogenously introducing cell-cell bridging molecules, such as antibodies or its fragments. Another approach is to 'paint' the cell surface with immunomodulatory molecules that contain hydrophobic moieties, thereby anchoring these molecules to the cell surface. These and other approaches in cell surface engineering circumvent ex vivo genetic processing of T cells and promise to speed up the pace of translating engineering to clinical applications [18 ] .
In addition to surface level interactions between cells, the intracellular signaling system triggered by juxtacrine communication is amenable to engineering design using molecular genetics and synthetic gene circuits approaches. Gene circuits have been assembled to exhibit interesting dynamics in mammalian cells (reviewed in [19] ). Recently, in the context of juxtacrine cell-cell signaling in mammalian cell systems, an engineered transcriptional cascade was used to amplify an exogenous Delta-Notch signaling system in order to achieve signal propagation through a multicellular population of MDCK and CHO cells [20 ] .
Engineering principles of juxtacrine signaling
Alongside the development of platforms and methods to modulate juxtacrine signaling, significant advances have been made in the engineering analysis of cell-cell interactions and signaling to delineate design strategies for deploying this toolbox. These advances are aimed at the question of how juxtacrine signals ought to be tuned in order to achieve desired engineering objectives. What are the key design parameters and considerations, and how do these design parameters influence the form and function of the mammalian cell system we seek to engineer?
Juxtacrine signals are bidirectional and asymmetric. Both the receptor and the ligand initiate intracellular signaling cascades, as in the case of ephrin ligands and their Eph receptors. This asymmetry has long been appreciated at a phenotypic level in that adjoining cells take on distinct fates: thus, it plays a significant role in creating sharp boundaries and small length scale patterns in developing tissues [21] and directing cell-mediated target cell activation in the immune system [18 ] . However, the implications of this asymmetry on intracellular regulatory network at a systems scale is challenging to elucidate as typical '-omic' methods deal with population-wide samples from which it is difficult to distinguish molecular events within a single cell type in an heterotypic culture.
A clever solution to this challenge is to differentially label cells engineered to express the receptor and counterpart cells equipped with the ligand [22 ] . Differential isotopic labeling and proteomics analysis revealed a striking level of asymmetric bidirectional post translational signaling in juxtacrine EphB2-Ephrin B1 signaling, and this asymmetry was demonstrated to be critical to the functional role that ephrin signaling plays in cell sorting.
Knowledge of this asymmetry in juxtacrine signaling opens a potential strategy to selectively modify one subpopulation (the receptor-expressing cells or 'receivers', for example). Selective modification of the intracellular regulatory network, perhaps employing small molecule inhibitors, RNA interference or synthetic gene circuits, complements other elements in the engineering toolbox that can be used to manipulate external juxtacrine inputs using materials, devices and/or cell surface engineering.
Design strategies to modulate juxtacrine signals will need to consider the cellular context, including other cues and physical constraints of the microenvironment. The effect of cell-cell contact on proliferation, for example, depends significantly on the microenvironmental context ( Figure 3 ). At cell densities where cells interact in small clusters of 2-5 cells, juxtacrine signaling may in fact promote proliferation through Rac1 signaling [23 ] . This positive effect of cell-cell contact on proliferation could be a byproduct of contact-induced cell survival. Cell-cell contact promotes cell survival [24] , and in doing so, intercellular contact may enable more viable cells to participate in other downstream cell functions, such as cell cycle progression. In contrast, at high cell density, cellular crowding may limit the available space for proliferation [25] , a spatial constraint that the cells may sense through diminished availability of the extracellular matrix [23 ] .
Between these extremes lies an interesting regime where cells have ample room to proliferate. Here, the effect of cell-cell contact on cell cycle activity is determined by a quantitative competition between the growth-inhibitory effect of juxtacrine cadherin signaling and the mitogenic effect of growth factors [26 ] , potentially involving the Nf2/Merlin tumor suppressor [27] . Only when the growth factor level is below a threshold amount, cadherin-mediated contact inhibits proliferation. Moreover, this crossover point at a threshold dose of growth factor is sensitive to the level of contact. Elevating cadherin expression increases the threshold growth factor dose so that a greater amount of pro-mitogenic soluble factor is needed to shift the system into contact-independent proliferation.
Elucidating the contact-growth factor state diagram for regulating proliferation provides a starting framework for understanding the effect of additional key environmental cues. Matrix stiffening, for example, compromises intercellular contacts and measurably reduces the threshold level of growth factor needed to switch cell clusters from contact-inhibited, circumferentially localized proliferation to a contact-independent, uniform mode of proliferation [28 ] .
It is appealing to consider whether a similar state diagram framework for the interplay between cell-cell contact, soluble factors and ECM stiffness extends to other cell behaviors and systems. Particularly, stem cell fate commitment clearly depends on all three microenvironmental cues [29, 30] . While we can expect the quantitative details of such state diagrams to vary among cell types and behaviors, knowing even the qualitative contours as a function of important cell system parameters will help to guide design strategies, akin to the design and engineering of physical systems such as materials.
An influential process that contributes to the features of cell state diagrams involves mechanotransduction. Significant progress has been made in measuring the forces mediated by cell-cell interactions (Figure 4 ). Traction force microscopy is used to directly measure the displacement of fluorescent beads in the underlying gel substratum from which the cell-ECM traction forces are calculated and a Newtonian force balance is used to infer the cell-cell forces that must balance the traction forces.
In some scenarios where cells are close to each other, the measured bead displacement may conceal the force cells actually exert on the matrix. For example, if neighboring cells are tugging on the matrix between them but in opposite directions, the bead displacements, at least viewed in the plane of the cell-substratum interface, would underrepresent the actual cell-ECM forces.
Complementary methods, such as three-dimensional traction force microscopy [31] or micropillar-based traction force microscopy [32] , circumvent this issue by measuring forces in the out-of-plane direction as well 944 Tissue, cell and engineering Low Density The influence of juxtacrine cell-cell interactions on proliferation in epithelial cell systems depends on the microenvironmental context, including cell density (top three panels), soluble growth factors and a compliant ECM. The state diagram portrays the design space for shifting the cell system between a contact-inhibited state in which proliferation (green) occurs at the periphery of clusters and a contact-independent state in which proliferation occurs throughout the cluster. Matrix stiffening (leftward red arrows) perturbs cell-cell contacts, shifting the cell system (blue dots) closer to the transition line (solid black line) and enabling a switch from contact-inhibited to contact-independent proliferation at lower growth factor concentration.
as in-plane forces or by measuring the local traction force specific to each cell using the bending of isolated pillars.
Measurements of cell-cell physical coupling are revealing several design considerations for building tissue structures. First, in contrast to chemical signaling wherein juxtacrine signals promote asymmetric response in adjoining cells and enable the definition of sharp boundaries, physical coupling propagates over longer length scales. Significant cell-cell forces have been observed far from the leading edge in motile sheets [33 ] . Some of these forces possess distinct spatiotemporal patterns suggesting that distant cells have a substantial, non-constant impact on the cohesivity of the sheet and the progress of the leading edge [34] . In practical terms, this means that devices and materials that impose boundary conditions must consider the length scale of the synthetic platform relative to the length scale of cell-cell mechanotransduction. For example, cell sheets on lines shifted from inefficient swirling motions on broad lines to rapidly progressing caterpillar-like collective movement when the line width was narrowed to one or two cell diameters [35 ] .
Second, cell-cell forces are a significant fraction of the overall adhesive force that cells experience [36] . Maruthamutu et al. conducted single and dual cell traction force experiments and found that the cell-cell forces are consistently 50% of cell-ECM forces over a range of ECM materials and stiffness. In a different system where the cell-cell contact area was constrained to bowtie patterns, cell-ECM forces were 20% the value of cellcell forces [32] . If an engineer views the challenge of engineering tissues purely from a mechanical perspective, akin to building structural models of physical systems, these measurements reveal the extent to which cell-cell interactions contribute to forming and stabilizing multicellular architectures.
Finally, since the two principal avenues through which a cell exerts forces on its microenvironment involve cellcell and cell-ECM interactions, the interplay between these two force transducers has important implications for designing tissues. Examination of cell pairs on micropatterns revealed that the location of cadherin-based cellcell junctions and cell-substratum adhesions are mutually exclusive [37] . Hence, it is plausible to envision adhesive micropattern designs that not only control where individual cells adhere, but also in which locations these cells make strong connections with their neighbors.
In addition to its effect on the position of cell-cell adhesion, cell-ECM interactions can have a significant effect on the dynamics of cell-cell interactions. When two migrating cells collide, the stability of the binary pair, that is, the duration the pair of cells remains together until dissociating, ranges from 200 min to 600 min for surfaces coated with high and low density of laminin, respectively [38] . Furthermore, on substrates of intermediate stiffness on which the cell can generate adequate traction and the material can deform due to that strain, cells that are nearby (33 micron) but not yet touching sense each other through their mutual tugging on the matrix [39 ] .
The stability of pairwise cell interactions and the length scale over which cells are drawn to each other influence the rates at which cell 'dimers' come apart (e.g. k off in a coarse kinetic model of cell-cell interactions) and the encounter radius (r o ) over which cells interact. The encounter radius is also sensitive to local soluble signals as in the case of the macrophage-tumor cell paracrine loop that mediates coordinated streaming motility [40] .
Revealing the dependence of cell-cell interaction properties (r o and k off ) on material design parameters, such as adhesion ligand density and stiffness, provides a promising avenue for engineering materials that tune juxtacrine interactions and thereby modulate multicellular aggregation dynamics [38] .
Forward with an integrative strategy
Juxtacrine cell-cell signaling poses engineering challenges, both in terms of developing methods for manipulation and for conducting quantitative analysis. Significant advances have been realized on multiple fronts through the development of synthetic microenvironments (materials and devices) and synthetic cells (cell surface engineering and synthetic gene circuits) and through quantitative systems-level analysis of juxtacrine signaling in the context of other cues and physical constraints of the microenvironment.
These advances in engineering juxtacrine signaling, a mode of cell communication that is arguably the most recalcitrant to manipulation and analysis, pave the way to engineering robust multicellular structures and machines. Realizing this potential will likely require an integrative approach along at least two dimensions. First, the sophisticated engineering of intrinsic cellular machinery, as enabled by molecular genetics and synthetic gene circuits, must be integrated with an advanced 'chassis' that provides the microenvironmental context necessary for the synthetic cell community to execute its self-organization. Second, integrative models that simulate physiochemical mechanisms across a field of interacting cells will provide frameworks for predicting how the interplay of cell-cell, cell-ECM and soluble signals affect multicellular patterning and organization. The recent advances in engineering juxtacrine signaling provide a strong foundation to undertake this integrative approach to engineering the form and function of living tissues.
